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This review assesses the impacts, both direct and indirect, of man-made changes to the 
composition of the air over a 200 year period on the severity of arable crop disease 
epidemics. The review focuses on two well-studied UK arable crops, wheat and oilseed rape, 
relating these examples to worldwide food security. In wheat, impacts of changes in 
concentrations of SO2 in air on two septoria diseases are discussed using data obtained from 
historical crop samples and unpublished experimental work. Changes in SO2 seem to alter 
septoria disease spectra both through direct effects on infection processes and through 
indirect effects on soil S status. Work on the oilseed rape diseases phoma stem canker and 
light leaf spot illustrates indirect impacts of increasing concentrations of greenhouse gases, 
mediated through climate change. It is projected that, by the 2050s, if diseases are not 
controlled, climate change will increase yields in Scotland but halve yields in southern 
England. These projections are discussed in relation to strategies for adaptation to 
environmental change. Since many strategies take 10-15 years to implement, it is important 
to take appropriate decisions soon. Furthermore, it is essential to make appropriate 
investment in collation of long-term data, modelling and experimental work to guide such 
decision-making by industry and government, as a contribution to worldwide food security.  
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Introduction 
Ever since man started to cultivate crops thousands of years ago, his food security has been 
threatened by diseases that attack those crops when the host plant is susceptible, the pathogen 
virulent and the environment favourable for disease (Stukenbrock & McDonald, 2008). One 
component of that environment is the air in which crops grow but it is only over the last 250 
years, since the start of the industrial revolution, that human activities have greatly affected 
the gaseous composition of the air around crops (Chakraborty & Newton, 2011). These 
changes to the gaseous composition of the air have included increases in concentrations of 
pollutants (e.g. SO2; Anon., 2001) and greenhouse gases (e.g. CO2; De Klein et al., 2006; 
Jackson et al., 2007). These categories are not mutually exclusive since some greenhouse 
gases (e.g. N2O) may also be pollutants (Jackson et al., 2007). There may be direct impacts of 
changes in air composition on crop diseases, such as impacts on host-pathogen interactions 
through effects on the host, the pathogen or the interaction (Eastburn et al., 2011). However, 
there may also be indirect impacts mediated by changes in climate resulting from increasing 
concentrations of greenhouse gases (Pachauri & Reisinger, 2007) ; these changes have been 
accelerating in the last 20 years (Semenov, 2009; Fig. 1). Such changes in climate are a route 
by which changes in air composition can affect severity of crop disease epidemics 
(Chakraborty, 2005; Garrett et al., 2006; Evans et al., 2008; Butterworth et al., 2010).  This is 
likely to increase food security problems caused by crop diseases (Anderson et al., 2004; 
Garrett et al., 2006; Gregory et al., 2009). 
(Fig. 1 near here) 
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 It is essential to understand these direct and indirect impacts of changing air 
composition since they may exacerbate food insecurity (Chakraborty & Newton 2011). 
Currently, more than 1 billion people (one sixth of world population) do not on average have 
enough to eat (Anon., 2009). In normal circumstances and most parts of the world, this has 
little to do with losses to pests and diseases and much to do with access to input resources and 
power within society (Sen, 1999). Food security is now being further affected by increased 
demand for biofuel crops through competition for resources (e.g. water, fertilisers and 
available culturable land). However, for subsistence farmers crop losses due to pests and 
diseases mean that there is less food to eat and for non-producing consumers they mean that 
food costs are increased (Flood, 2010). In the longer term, pressures on land and resources are 
greater if outputs are reduced by pests, diseases and weed competition. Some estimates for 
four of the largest crops put actual wo ldwide losses to diseases, despite use of crop protection 
strategies, as high as 55 kg/person/season (Table 1, assuming a world population of 6.5 
billion). The benefits of disease control strategies already in place for these four crops 
(difference between potential losses and actual losses), especially use of crop cultivars with 
improved resistance to diseases and of fungicides, have been estimated at more than 15 
kg/person/season on average (Oerke, 2006; Table 1). However, because altering one aspect of 
a system alters the whole system, there is large uncertainty in these estimates. 
 Regardless of the problems of financial measurement, the food security problems 
associated with crop diseases are especially severe in the developing world, where even local 
destruction of crops can lead to starvation for farming families (Strange & Scott, 2005; Forbes 
& Simon, 2007). Thus, there is a need to stabilise food production by managing crop diseases 
more consistently. More effective disease management to decrease average losses and 
stabilise variation in losses allows farmers to use inputs more efficiently. The advantage of 
Deleted: ,
Deleted: due to crop losses 
Deleted: Furthermore, both
Deleted: ty
Deleted:  of 
Deleted:  and
Deleted: decreased average losses 
Deleted:  inputs
Deleted: be 
Deleted: d
Page 3 of 27
plantpath@lilyrose.plus.com
Plant Pathology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
4 
 
protection against diseases in stabilising yields is likely to be much greater than that of 
decreasing the average loss attributed to the disease, because the area planted to give a 
reliable output is decreased by the maximum loss the grower is concerned about, not the 
average loss. Therefore, if environmental change associated with anthropogenic effects on the 
composition of the air increases losses from crop diseases, and other aspects of the worldwide 
or regional economy are unchanged, more people will suffer food shortages. However, 
strategies for adaptation to the changing environment, such as development of new fungicides 
or new crop cultivars that will be resistant to diseases in the changed environment both take 
10-15 years. Thus, decisions need to be taken now to plan for future (Barnes et al., 2010). The 
aim of this review is to examine how environmental change associated with both direct and 
indirect impacts of human-caused changes in air composition may impact on severity of crop 
disease epidemics. Two UK arable crops are used as examples, because they are well-studied; 
nonetheless general conclusions can be tentatively drawn from these local examples. The 
review will not discuss impacts of atmospheric changes on diseases of forest trees (reviewed 
by Sturrock et al., 2011), or amenity shrubs such as roses.  
(Table 1 near here) 
 
Direct impacts of changing air composition on severity of crop disease epidemics 
Changes in the gaseous composition of the air may directly affect the severity of crop disease 
epidemics through impacts on the host, the pathogen or the host-pathogen interaction 
(Eastburn et al., 2011). The severity of epidemics may be decreased, for example when 
increased concentrations of CO2 increase healthy crop growth (Semenov, 2009). By contrast 
the severity of epidemics may be increased, for example when increased concentrations of O3 
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damage tissue and favour development of necrotrophic pathogens such as Botrytis cinerea 
(cause of grey mould on many hosts) (Eastburn et al., 2011). Since the impacts on plant 
diseases of changes in concentrations in air of CO2 or O3 are reviewed comprehensively by 
Eastburn et al. (2011), they will not be discussed further in this review. Whilst there are 
interactions between concentrations of N2O and O3 (Chipperfield, 2009), there has been little 
work on direct effects of N2O on the severity of disease epidemics.  
 A pollutant of particular interest is SO2, because it has changed greatly in abundance 
over the last two centuries.  In the early industrialising areas of northern Europe, it increased 
during the 19th and 20th centuries.  By the late 20th century, damage to sensitive ecosystems 
was obvious, the sources were quite concentrated and the technology existed to remove it 
from power-station and industrial exhausts.  Over approximately two decades, the 
concentration in the atmosphere over western Europe decreased to little more than the 
background concentration arising from marine sources.  The preserved wheat samples from 
the 170-year Broadbalk experiment in continuous winter wheat growing at Rothamsted (Fig. 
2a) provided a unique insight into the changes in prevalence of a pathogen on a major crop 
when it was found that DNA characteristic of the two septoria pathogens, Mycosphaerella 
graminicola (Septoria tritici) (speckled leaf blotch, Fig. 2c) and Phaeosphaeria nodorum 
(Stagonospora nodorum) (leaf blotch, Fig. 2d) could be successfully amplified from both 
grain and straw samples (Bearchell et al. 2005; Shaw et al. 2008).  Since P. nodorum (glume 
blotch, Fig. 2b) is also seed-borne whereas M. graminicola is not, the changes in their relative 
importance influence strategies to decrease disease severity and yield loss (Shaw et al., 
2008).  The two pathogens occupy a similar niche, requiring leaf wetness for infection and 
attacking the same tissue, so they are likely to compete.  Changes in their abundance may 
reflect changes in the competitive balance between them (Chandramohan, 2010; Nolan et al. 
1999). 
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(Fig. 2 near here) 
These pathogens were known from national surveys of wheat diseases to have 
reversed their relative importance in England and Wales during the period 1975-2005.  The 
point location DNA concentrations from the Broadbalk experiment were well correlated with 
the national survey data over this period, suggesting that the change in their relative 
importance occurred in the 1980s (King, 1977; Polley & Thomas, 1991; Hardwick et al. 
2001)and that the Broadbalk data reflected wider scale changes.  The long-term  Broadbalk 
series showed that M. graminicola had been common in the mid-19th century but very rare 
during the first three-quarters of the 20th century, while P. nodorum had an approximately 
opposite pattern in both grain and straw.  Over the 170-year  time-period covered, the pattern 
in the ratio of the two pathogens was extremely closely correlated with that of SO2 emissions 
over England and Wales (Fig. 3).  This could, of course, be coincidence, but the changes 
were poorly correlated with environmental (spring rain, winter temperature) or  agronomic  
(harvest method, sowing and harvest dates, fungicide and other pesticide use, cultivar height) 
factors, or even with cultivar changes.  Other pollutants (polychlorinated biphenyls (PCBs), 
polyaromatic hydrocarbons (PAHs ) and inferred quantities of ozone and nitrogen oxides) 
were also uncorrelated with the changes in pathogen populations.  By contrast, each pathogen 
individually, or their sum, was well correlated with spring rainfall and more weakly 
correlated with some other environmental factors.  This suggests that SO2 emissions were 
responsible for the balance between two pathogens with similar responses to other 
environmental features.  
(Fig. 3 near here) 
For this relationship to be causal, there has to be a link between national emissions 
and local effects. This is provided by the relatively long residence time of SO2 in the 
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atmosphere (half-time 3 days; Garland, 1977), coupled with emission and mixing at relatively 
high altitudes (approximately 1 km) and therefore extended horizontal scales.  In general, 
sites more remote from sources receive more sulphur deposition in precipitation, while dry 
deposition by absorption into soil and plant tissues is more important closer to sources 
(Whelpdale, 1992).  The combined effects of long residence times and the greater importance 
of rainfall deposition at more remote sites are to smooth the deposition pattern.  It is therefore 
not implausible that the sulphate deposition at Rothamsted was representative of the England 
and Wales average (Zhao et al., 2003).  Both wet and dry sulphur deposition could cause 
plant tissue damage, acidity of the water within which spore germination takes place and 
improved sulphur nutrition of the crop. 
 Recent experimental work (Chandramohan, 2010) suggests that the effect is causal 
but indirect and that it interacts with other factors. At its worst, SO2 in the atmosphere led to 
rain falling with a pH as low as 4. There appeared to be very little direct effect of SO32- 
concentrations leading to pH values between 7 and 4 on germination or growth of either M. 
graminicola or P. nodorum. However, high SO32- concentrations in the water in which spores 
were suspended for artificial inoculation favoured infection of wheat leaves by spores of P. 
nodorum more than they favoured infection by spores of M. graminicola. Furthermore, 
glasshouse experiments in which wheat grown with different nutrient solution treatments was 
inoculated with the pathogens suggest that, although low sulphate concentration in soil 
favours both pathogens, it benefits M. graminicola much more. Given that the two pathogens 
must compete for resources, since they both infect the same leaves under similar 
environmental conditions (Shaw et al., 2008), relatively moderate changes in host 
susceptibility mediated  by changes in airborne S input to the soil could change the balance 
between the two pathogens. Although there are interactions with wheat cultivar and only a 
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small number of isolates of each pathogen were tested by Chandramohan (2010), these results 
do suggest a mechanism by which SO2 concentrations in the air could influence the range of 
diseases affecting a crop, and the historical data suggest that they have done so. They also 
illustrate the difficulties in making predictions of future changes in disease patterns, because 
of the complexity of interactions possible in the system. 
 Whilst the effect of high SO32- concentrations in the water on infection of wheat 
leaves by spores of P. nodorum  was clear (Chandramohan, 2010), it is difficult to interpret it 
in terms of plant tissue damage. P. nodorum is usually described as a more necrotrophic 
pathogen, favoured by host tissue damage, while M. graminicola is thought of as hemi-
biotrophic (Eyal, 1999), so by analogy with other hemi-biotrophs to be disfavoured by SO32-.  
Thus, one would expect high SO32- concentrations to favour P. nodorum, as seen in the 
historical data. However, the complexity of the situation and the difficulty in making a useful 
prediction from an historical observation is emphasised by the effects being different on 
different wheat cultivars; although the relative severity of damage caused by the two 
pathogens was changed consistently, in one case both pathogens were favoured by high SO32- 
concentration, in another both were disadvantaged. 
(Fig. 3 near here) 
 
Indirect impacts of increasing greenhouse gases, through climate change, on severity of 
crop disease epidemics 
It is necessary to assess impacts of climate change on crop yield losses caused by diseases, to 
guide industry and government planning for adaptation to climate change. Such an 
assessment requires outputs from quantitative models of crop-disease-climate interactions. 
However, much work on effects of climate change on crops and their diseases has been 
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qualitative (e.g. Anderson et al., 2004; Dumalasová & Bartoš, 2009; Ghini et al., 2007) and 
there have been few attempts to produce combined crop-disease-climate models (Luo et al., 
1995). The efforts that have been made are hindered by the relatively complex epidemiology 
of many pathogens and great sensitivity of final disease severity to small environmental 
changes. Furthermore, the relationships in most weather-based models developed for use in 
disease forecasting are often not adequate for projection of the disease into future climates 
(Bourgeois et al., 2004; Shaw, 2009). 
In some cases, however, the disease cycle is favourable for an integrated model of the 
relationship between climate and disease to be feasible. This can be illustrated by work with 
oilseed crops (Brassica napus) and the two most important diseases of oilseed rape in the 
UK. Oilseed rape is grown worldwide to provide oil and protein for human or animal food 
and for use in fuel. Severe epidemics of phoma stem canker (blackleg, Leptosphaeria 
maculans) in Europe, North America and Australia cause losses of more than £1000M per 
cropping season at the current UK price of £300 per tonne.  The disease is spreading across 
the world and potentially threatens crops in Africa, India and China (Fitt et al., 2006; 2008). 
Light leaf spot (Pyrenopeziza brassicae) also causes losses in northern Europe, including the 
UK (Boys et al., 2007; Gilles et al., 2000). In the UK, phoma stem canker is currently more 
important in southern England and light leaf spot more important in northern England and 
Scotland (www.cropmonitor.co.uk; Fitt et al., 1998). It is predicted that climate change will, 
other factors remaining unchanged, increase the range and severity of phoma stem canker 
epidemics (Butterworth et al., 2010; Evans et al., 2008). 
UK temperature and rainfall values projected under high and low CO2 emissions for 
the 2020s and 2050s were inputted into weather-based models for forecasting severity of 
phoma stem canker epidemics on oilseed rape across the UK (Evans et al., 2008). This 
projection suggested that epidemics will not only increase in severity but also spread 
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northwards by the 2050s (Fig. 4a,b). However, similar work projected that climate change 
will decrease the incidence of light leaf spot, even in Scotland (Evans et al., 2010; Fig. 4c,d). 
To investigate crop-disease-climate interactions, UKCIP02 scenarios projecting UK 
temperature and rainfall under high- and low-CO2 emission scenarios for the 2020s and 
2050s were combined with a crop simulation model predicting yield of fungicide-treated 
winter oilseed rape (STICS; Brisson et al., 2003) to predict that climate change will increase 
yield of  winter oilseed rape crops treated with fungicide to control diseases in Scotland by up 
to 0.5 t/ha (15%) (Butterworth et al., 2010; Fig. 4e,f). When a model predicting yield loss 
from phoma stem canker epidemics was also included, by contrast, the projection was that in 
southern England climate change will increase yield losses from phoma stem canker 
epidemics to up to 50% (1.5 t/ha) unless the disease is controlled, so greatly decreasing yields 
of untreated winter oilseed rape. Such projections illustrate the contrasting impacts of climate 
change on crop diseases in different regions. These results provide a stimulus to develop 
models to project effects of climate change on other crop diseases. Such projections can be 
used to guide policy and farming practice in adapting to effects of climate change on food 
security. 
(Fig. 4 near here) 
 Continuing with the UK oilseed rape disease example, it is possible to analyse the 
classes of crop protection actions available for farmers to use within their strategies for 
adaptation to climate change (Barnes et al., 2010). An initial response to increases in 
disease-related yield loss is to use a more effective fungicide regime in the autumn 
(Gladders et al., 2006; Fig. 5). Farmers may improve spray timing by  using web-based 
disease forecasts, such as the light leaf spot and phoma leaf spot forecasts developed at 
Rothamsted (Welham et al., 2004; Evans et al., 2008; 
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http://www.rothamsted.ac.uk/leafspot/). However, this alone will not offer a long-term 
solution to disease problems, because of decreasing effectiveness of fungicide with 
evolution of fungicide resistance in pathogen populations (Hollomon & Brent, 2009) and 
withdrawal of fungicides in response to legislation (Mahmuti et al., 2009). Another disease 
control tactic is for the farmer to choose to extend rotations and/or introduce novel crops 
within the rotation.  A 4-year break between oilseed rape crops may decrease yield losses 
from phoma stem canker (West et al., 2001). If appropriate, this can be adopted rapidly 
within a single season, after harvest of the previous crop and before the new growing season 
in the autumn. 
(Fig. 5 near here) 
 Another action assisting adaptation to the altered environment may be to sow seed of 
cultivars that are more resistant against the pathogens favoured by the changed environment.  
The effectiveness of this resistance can be expected to improve if disease epidemics 
gradually become more severe, since disease resistance will then have a greater weighting in 
the selection criteria used by individual breeders and national testing procedures, such as the 
UK HGCA Recommended Lists  (www.hgca.com). If direct genetic modification techniques 
become accepted in European agriculture, it may be possible to increase resistance to 
specific pathogens more  rapidly. If disease resistance is improved, crop growth will be 
increased and the optimal level of nitrogen fertiliser may be increased, taking into account 
yield and altered disease susceptibility (Berry et al., 2010). However, increased use of 
nitrogen may increase input costs and there are demands to reduce nitrogen inputs to 
decrease greenhouse gas emissions and diffuse water pollution (Glendining et al., 2009; 
Mahmuti et al., 2009). Integrated management using combinations of these adaptation 
practices has been projected to be capable of increasing UK oilseed rape yield from an 
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average of 3 t/ha to 6.5 t/ha under optimal conditions (Berry & Spink, 2006). Although the 
management of the whole system would be by farmers, several of the options mentioned 
would require sustained further investment in applied research and the effective transmission 
of the resulting knowledge to the industry (Gladders et al., 2006). Aspects of this work are 
likely to require government investment, particularly where the outputs will not necessarily 
lead directly to increased profits for industry or where the industry structure is such that a 
10-15 year timescale for return on investment is not acceptable. Similar analyses may be 
applied to assess benefits of farmer-led adaptation to climate change for other crop diseases. 
 
Discussion 
The work reviewed provides evidence that man-made changes in the composition of the air 
have had considerable impact, either directly or indirectly, on the severity of arable crop 
disease epidemics and are likely to continue to have such impacts. Such impacts can include 
changes in the predominant disease present on a crop (Bearchell et al., 2005; Shaw et al., 
2008), changes in the range or severity of epidemics (Evans et al., 2008) or introduction of 
new diseases to a region (Shaw & Osborne, 2011). However, to test the models used for 
projection long-term data sets are needed, with both disease/pathogen data and gaseous 
composition/weather data (Jeger & Pautasso, 2008). Such data are illustrated by those from 
the Broadbalk archive (Bearchell et al., 2005; Shaw et al., 2008) or from field experiments 
done over a 15-year period (Evans et al., 2008, 2010). Such work may be complemented by 
direct experimental work on non-climatic effects of changing air composition on crop plants, 
for example using a FACE system (Eastburn et al., 2011). To make predictions for other 
major crop diseases, it is important  to invest in collation of data sets from existing sources of 
data and in modelling and new experimental work. 
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 Modelling work to assess impacts of environmental change on severity of crop 
disease epidemics that combines weather-based disease models, crop models and climate 
scenarios (Luo et al., 1995; Butterworth et al., 2010) is a considerable improvement on the 
qualitative rule-based methods for predicting impacts of climate change on diseases that were 
used previously (Anderson et al., 2004; Coakley et al., 1999). Nevertheless, there will 
inevitably be uncertainty in such projections associated with uncertainty in projections of 
future weather (Semenov & Stratonovitch, 2010) and uncertainty in the disease and crop 
models. However, that is no reason not to make projections (Stern, 2007), provided that any 
assumptions made are clearly stated (Evans et al., 2010), since they provide the best available 
basis for discussion of current decision-making. Since strategies for adaptation to climate 
change, such as breeding new crop cultivars with resistance that can operate at increased 
temperatures (Huang et al., 2006) or development of new fungicides, may take 10-15 years, 
informed comment about what diseases are likely to increase in importance is needed now to 
guide decision-making by industry and government. Projections in which values of 
explanatory variables (e.g. temperature, rainfall) remain within the range of those observed 
when collecting the experimental data must be more secure than those projections which 
extrapolate beyond this range; hence Evans et al. (2008) projected forward to the 2020s and 
2050s but not the 2080s, which would have taken relationships within the model outside the 
range of observed data. 
 This review demonstrates that environmental change associated with man-made 
changes in the composition of the air is likely to affect the severity of disease on arable crops 
(Gregory et al., 2009). There is a need to assess the threat to food production from such 
changes and develop appropriate strategies to mitigate them or adapt agricultural methods 
before it is too late (Beddington, 2010; Smith & Olesen, 2010). It is particularly important to 
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assess threats to food production in areas of the world most threatened by environmental 
change where there are already serious shortages of food, such as sub-Saharan Africa 
(Schmidhuber & Tubiello, 2007; Strange & Scott, 2005) but, in general, data are least 
available and experiments hardest to do in the poorest communities. However, it is also 
important to assess changes to food production in areas that may potentially benefit from 
environmental change, such as northern Europe (Butterworth et al., 2010), since there is 
likely to be increasing pressure on such areas to produce more food to mitigate reduced 
production elsewhere (Stern, 2007; Mahmuti et al., 2009). 
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Figure 1 Change in annual mean (○) and 5-year mean (■) air temperatures at Rothamsted, 
Hertfordshire, UK, in the period from 1878 to 2009. The horizontal line indicates the mean air 
temperature for the period 1878 to 1990. (adapted from a figure on http//:www.rothamsted.ac.uk/) 
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Table 1. Crop protection and food security worldwidec, illustrated by rice, 
wheat, maize and potato, harvest years 2001-2003. A comparison between 
potential losses if no crop protection measures were used to control diseases 
(caused by fungal, bacterial and virus pathogens) and actual estimated losses 
per growing season, adapted from Oerke (2006). 
 
 Attainable 
productiona  
Potential crop 
losses 
(without crop 
protection) 
Actual crop losses 
(with crop protection) 
 M t %b M t % b M t 
Rice  933 15 140 12 112 
Wheat  785 18 141 13 102 
Maize  891 12 107 11 98 
Potato  518 9 47 8 41 
Total 3127  435  353 
 
a Attainable yield is defined as the site-specific maximum yield and is 
generally much less than the theoretical yield potential; a more 
detailed explanation is given by Oerke (2006) 
 
b
 Expressed as a percentage of the attainable yield 
 
c Losses were estimated separately for 19 different regions of the 
world and mean values were calculated per unit of production 
(intensity of cropping differed between regions).  
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Figure 2 The Broadbalk winter wheat experiment at Rothamsted, which started in 1843, 
photographed in June (a). Plots going across the experiment received different fertiliser treatments 
and in each each strip of plots winter wheat was in a different crop rotation. Long-term changes in 
relative abundance of the pathogens responsible for septoria leaf blotch diseases, namely 
Phaeosphaeria nodorum (Stagonospora nodorum)(d) and Mycosphaerella graminicola (Septoria 
tritici)(c) were studied by quantifying DNA of these pathogens from samples winter wheat 
leaves/stems taken at harvest each year and stored in the Broadbalk archive (Bearchell et al., 
2005). Similarly abundance of Phaeosphaeria nodorum (glume blotch, b) in grain samples was 
studied using quantitative PCR (Shaw et al., 2008).  
91x127mm (376 x 376 DPI)  
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Figure 3 Relationship between ratio of Phaeosphaeria nodorum to Mycosphaerella graminicola DNA 
in samples from the Broadbalk experiment, Rothamsted, 1844-2003 (●) and smoothed estimates of 
UK atmospheric SO2 emissions (Mt y-1 S, red line). For linear regression of 10-year average values 
of the pathogen ratio on SO2 emissions (not illustrated) r = 0.96, P<0.001. Adapted from a figure 
in Bearchell et al. (2005)  
127x87mm (376 x 376 DPI)  
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Figure 4 Impacts of climate change on severity of phoma stem canker, incidence of light leaf spot 
and yield of oilseed rape treated with fungicide to control diseases. Predicted severity of phoma 
stem canker (Leptosphaeria maculans) at harvest of winter oilseed rape crops (mean of resistant 
and susceptible cultivars) for (a) baseline 1961-1990, (b) 2050s climates (mean of low and high 
emission scenarios); stem canker severity on a 0-4 scale (0, no disease; 4, plant dead, Zhou et al., 
1999); areas where crops are unaffected by the stem canker disease are marked white.  Predicted 
incidence (% plants affected) of light leaf spot (Pyrenopeziza brassicae) at green flower bud (GS 
3,3) of UK winter oilseed rape crops (mean of resistant and susceptible cultivars) for (c) baseline 
1961-1990 and (d) 2050s high emissions climate scenarios.  Predicted yield (t ha-1) of winter 
oilseed rape (treated with fungicide to control diseases) for (e) baseline 1961-1990, and (f) 2050s 
high emissions climate scenarios using the STICS crop growth model.  Predicted values are 
interpolated from predictions for 14 sites across the UK.  Winter oilseed rape crops are generally 
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grown in the eastern halves of England and Scotland; less fertile and mountainous areas in the west 
are unsuitable for arable crops. This figure is adapted from figures in Evans et al. (2008, 2010) and 
Butterworth et al. (2010).  
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Figure 5 Seasonal development of winter oilseed rape in the UK in relation to progress of phoma 
stem canker epidemics and short-term farmer-led adaptation strategies. Crops are sown in late 
summer (August/September) and emerge within 10 days when there is sufficient soil 
moisture.  Stem extension occurs in late winter (February/March) and is followed by flowering in 
spring (April/May) with harvest in summer (July).  Phoma stem canker epidemics are started by air-
borne ascospores of Leptosphaeria maculans produced on diseased crop debris in autumn/winter 
(October – December) with phoma leaf spot developing 10-30 days after spore release (depending 
on temperature). L. maculans grows along leaf petioles to reach the stem where early cankers may 
be seen in spring (April/May); these may become severe by harvest and cause considerable yield 
loss.  Farmer-led short-term adaptation strategies include choice of rotation (e.g. increasing interval 
between successive oilseed rape crops), choice of cultivar (e.g. selection of cultivars with greater 
resistance to L. maculans) and choice of sowing date (e.g. early sowing favours disease) before the 
start of the growing season.  In autumn, farmers can decide on fungicide, fungicide timing and 
frequency (to maximise control of phoma stem canker).  External advice is available from 
agronomists, the HGCA recommended lists (resistance rating), forecasting schemes (e.g. 
www.rothamsted.ac.uk/leafspot) and agrochemical company representatives. This figure is adapted 
from a figure in Barnes et al. (2010)  
127x88mm (376 x 376 DPI)  
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